This article discusses the directions for energy systems based on an urgent proposal to counter the energy crisis in eastern Japan, published from the Society of Chemical Engineers, Japan. We first illustrate the situation Japan faces, highlighting the urgency and seriousness of the consequences of power outages in industry and daily life. Then, we elaborate on the necessity for policy support to trigger collective actions to temporarily practice countermeasures that would not necessarily save resources or that could disrupt society's established routines. In this way, Japan can choose technologies without regret based on society-wide discussions on the future energy supply. Finally, we warn of the drawbacks induced by shortsighted decisions e.g., avoiding power outages by depending on less-efficient gas turbines. We conclude that Japan should commence a transition of its energy systems rather than compromising resource efficiency and grid robustness over the next decades.
Energy Crisis in East Japan Caused by Tohoku Earthquake" authorized by the Society of Chemical Engineers, Japan on March 28, 2011 (The Society of Chemical Engineers, Japan, 2011a, 2011b). We expect a supply capacity shortage of 10 GW in this area (which requires ca. 60 GW at peak load periods), excluding the uncertain contributions from pump power, even after factoring in the recovery of the damaged thermal power plants and transmission from neighboring regions. In the event that no effective countermeasures are taken, eastern Japan will be forced to return to the level of power consumption of 20-25 years ago, when far fewer electrical devices and home appliances were in use. This shortage will result in scheduled power outages on a larger scale than those already experienced since the earthquake in the wider Kanto economic zone, i.e., the Tokyo metropolitan area and surrounding districts, where ca. 44 million people reside.
Modern Japanese society has taken a stable power supply for granted. A discontinuous power supply would cause tremendous damage to Japan by interfering with its industrial activities as well as daily life. Chemical, material, and precision industries that depend on a wellconditioned, reliable power supply in order to process their products continuously, and the food, beverage, and biotechnology industries that require rigorous quality control of products, will face operating difficulties under even occasional power outages, regardless of being scheduled in advance.
According to our estimates, Japan can avoid power outages during the coming summer and thus maintain the rapid pace of the recovery process, but only if all the possible countermeasures are effectively practiced. The Japanese are familiar with most traditional measures, thanks to the recent low-carbon mainstreams implemented. However, measures that would not necessarily save resources or that could disrupt society's established routines have always been rejected, even for limited use on a regional scale. It is likely that Japan will need to employ such nontraditional measures to avoid occasional power outages. Theoretically, options to avoid power outages are available in the following three categories: (i) enhancing supply capacity, (ii) curtailing demand, and (iii) implementing temporal and spatial shifts in power usage. Figure 1 shows the potential of each option to increase the power supply and suppress peak demand. Background assumptions and data are summarized in Tables 1 and 2. The enhancement of thermal power plants, strenuous energy-saving efforts by consumers, installation of distributed power sources, such as solar and fuel cell systems, and power-saving adaptations to refrigerators, air conditioners, and light bulbs are all considered to be useful; however, they are either insufficient to compensate for the total shortage or would require too much time to be implemented and have significant benefit in the coming summer. We identified two crucial pieces of the puzzle for safeguarding the power supply in the fast-approaching summer, i.e., strategies having relatively large contributions. The summer could be tense, but Japan may only need to face minimal power outages, if any. The key pieces we have identified have been found among the nontraditional countermeasures: the use of existing backup generators already installed in many buildings, and a marked temporal and spatial shift in power usage. To the best of our knowledge, these 366 JOURNAL OF CHEMICAL ENGINEERING OF JAPAN
Fig. 1
Countermeasures needed to avoid power outages, comprising enhancement of the power supply and a reduction in peak demand via power savings and temporal and spatial shifts in demand. In the past, an increase of 1°C in the highest temperature produced an increase of ca. 1.1 GW in demand
methods have yet to be practiced at the proposed magnitude anywhere in the world. Eastern Japan has only a few inactive large-scale power plants that are readily available. In exploring other possibilities, we identified backup power generators already installed in buildings as a promising solution. Using these devices during peak load on summer days could add approximately 3 GW to the overall power gen-eration capacity of eastern Japan. This option requires only a minimal enhancement in the existing facilities within the limited time before summer. Obstacles to the implementation of this option include legal restrictions and the supply of fuel to buildings. We recommend that the Japanese government temporarily remove the legal restrictions covering the utilization of these generators under an emergency situation and take measures to or- Units are GW unless otherwise stated, two nuclear reactors (1.1 and 1.356 GW) that are currently operating will require maintenance at the end of the summer; conservative estimate of the range is included in the table, with the potential range given in the notes Units are GW unless otherwise stated; conservative estimate of the range is included in the table, with the potential range given in the note ganize fuel supply systems. All institutional support should be provided for the retrofitting of power conditioning circuits, including the procurement of electrical parts and the organization of certified workers to complete the necessary enhancements before summer. Spatial and temporal shifts are other measures that should be adopted. In contrast to the oil crisis in the 1970 s, which panicked Japanese society, the present power crisis is caused by a shortage of power generation capacity. Therefore, even if resources are not saved, leveling power demand by implementing temporal shifts (sector-specific holidays, factories only operating during off-peak times, recommending long lunch breaks, working half-days, and working at home) and spatial shifts (physically moving computer servers, workers and their families, students, and tourists) would effectively alleviate the problem. The daily operations of different power users are diverse; therefore a tailored set of the abovementioned asures for each user should be implemented. Such options are mostly inconvenient, and stakeholders will be hesitant to adopt them because they would entail a change in their routine business and personal operations. Therefore, to ensure that the inconvenience is shared widely and fairly, this option should be implemented as an organization-wide initiative.
We must stress that these options require collaborative planning and action at a level that the previous discourse on collective action has seldom assumed. A wellknown framework for collective action stresses the importance of positive feedback among reciprocity, reputation, and trust (Ostrom, 2000) . However, it is difficult to design rules to enforce reciprocal behavior for public purposes, e.g., to impose a penalty or an incentive that would provoke owners of buildings to utilize their backup generators during peak loads to avoid a grid power outage. In public good games, studies have found punishment to be more effective than a reward to maintaining cooperation. For example, Panchanathan and Boyd (2004) showed that collective action is stabilized by a direct penalty requiring individuals to pay a private cost. In this type of game, the total earning is positive for the case in which a collective action is realized. However, we cannot expect stakeholders to reach an agreement that penalizes noncooperation, because in this particular case, a reduced public negative outcome (i.e., power outage) is the reward for cooperation, rather than an increased public good. In particular, many Japanese think that TEPCO and the Japanese government should bear the greatest responsibility for not being able to operate the nuclear power plants safely after the earthquake. Therefore, if the penalty is to be incorporated into the electrical utility fee, it will be difficult for the majority of people to accept. In contrast, Rand et al. (2009) showed that reward outperforms penalty in repeated public good games. However, the current situation is not a traditional game, because the rationale for this game is not well defined. Furthermore, it is difficult to predict the number of repetitions (e.g., how many times building owners will have to operate their generators after this summer) because the exogenous conditions of the game can change the number of repetitions.
Nevertheless, a limited time is available to implement the envisioned transition: power demand begins to increase in June, and the annual peak power demand days usually occur in July and August. With unexpected urgency, the Japanese government must now design adaptive strategies for coordinating swift collective actions and for closing the gap in the current power generation capacity. The collection of knowledge in each of the interlinked fields, analysis by a team with an interdisciplinary background, the design of an institutional framework, and its implementation all have to take place before the first demand peak occurs in mid to late July. The government should not merely rely on urgent and shortsighted supplementing of capacity by installing inefficient power generators, while being hesitant to encourage its people to exercise untraditional and arduous efforts.
The Japanese perceived nuclear power as an efficient, low-carbon technology, albeit questionable from the viewpoints of sustainability and risk, even before the Tohoku earthquake. Attempts to construct a vision for a future energy system (Kato et al., 2010) have always had to consider scenarios both with and without nuclear power, which tended to entail fundamentally different energy supply structures. However, until the recent earthquake, advocates of nuclear power had had an easy time defending their promotion plans because most people implicitly and passively accepted that nuclear power was imperative for providing ample energy, as if it existed everywhere with no special effort or attention. As a result, few individuals really looked into the changes in industry and daily life that would inevitably follow if Japan abandoned nuclear power. However, the tsunamis triggered by the Tohoku earthquake have now forced Japan to face such a situation in the immediate future, regardless of any decision on the long-term promotion or abandonment of nuclear power. No power will be available from the offline nuclear reactors in eastern Japan this summer, which will see a marked departure from "business as usual". In addition, this situation may persist for approximately five years according to the construction time of new power plants. No pre-earthquake analysts considered such an extreme situation, which has resulted in us having urgently begun scenario analysis on a socio-technical system with the available technologies and a marked shift in lifestyle toward a sustainable future. In the short term (1-2 years), all possible measures should be taken in a collective way to recover from the damage while avoiding any power outages. In the medium term (2-5 years), Japan needs to promote distributed power sources, such as solar, small wind, and 1-100 kW fuel cell cogeneration systems combined with storage technologies, such as plug-in hybrid electric ve-hicles. In the meantime, Japan should abstain from investment to secure the luxury of power to be supplied by inefficient thermal power plants that may potentially be introduced under shortsighted decisions by power companies. Such decisions are not sustainable because, although such plants can help to satisfy the current need, they will compromise the ability of future generations to do so. The operational lifetime of a power generator is decades, as well are the consequences of the decision to build them, such as the risks, carbon emissions, fuel costs, and the implications towards resource security and for a society's resilience after natural disasters.
The Tohoku earthquake was an unexpected disaster; however, it is offering opportunities. Japan should redevelop, taking advantage of this opportunity to transform into a more sustainable and resilient society, not only in terms of technologies, such as a smart grid supported by photovoltaic and other distributed power systems, but also in terms of its social infrastructure. In the new, rebuilt society, the public will need to perceive power as something to always be conscious of, not only from the viewpoints of economy, resources security, and carbon emissions, but also from the viewpoint of resilience. In the forthcoming months, it is imperative that Japan tackles its pentalemma (the limited power supply, limited budget for investment in power, crisis in the industrial supply chain and consequent economic shrinkage, astronomical expense required for recovery, and fast-approaching limits of citizens owing to heat stress and food safety fears) and commence an adaptive transformation, while continuing to address sustainability challenges for humanity, including climate change and environmental degradation.
